Genome fragments from two serotypes of barley yellow dwarf virus (BYDV) were cloned and used as hybridization probes. Dot blot assays using 32p-labelled plasmid probes readily detected BYDV in crude sap extracts from infected plants and were at least as sensitive as ELISA. Some clones were specific for either the RPV or the PAV serotypes. Others hybridized not only with the RNA of both serotypes but also with those of three other luteoviruses (beet western yellows, potato leaf roll and soybean dwarf), but they did not hybridize with the RNA of a tobamovirus or Escherichia coli tRNA. These nucleic acid probes therefore have potential for the general diagnosis of infection by members of the luteovirus group as well as detection of specific BYDV serotype infections. The taxonomic implications of the observation that the genomes of different luteoviruses have some conserved regions are discussed.
INTRODUCTION
Barley yellow dwarf virus (BYDV) causes stunting and chlorosis of a wide range of monocotyledonous species, including oats, barley, wheat and many grasses (Rochow, 1970a) . It is considered to be of economic importance in most cereal-producing countries (Plumb, 1983; Burnett, 1983) and is probably the most economically important virus of cereals (Jones & Clifford, 1983) . There are five well described isolates of BYDV which were distinguished and named on the basis of their principal aphid vector species (Rochow, 1970 a) . This classification was supported by serological and cytological studies which have further shown that the isolates fall into two distinct groups (Rochow & Carmichael, 1979; Gill & Chong, 1979) . One group consists of serotypes MAV, PAV and SGV while the other contains serotypes RPV and RMV.
The use of aphid transmission characteristics to identify BYDV isolates has several disadvantages: the four main aphid species used for diagnosis in North America are not endemic to all countries where BYDV is recorded, and transmission efficiency is known to vary within an aphid species depending on biotype (Rochow, 1960) , temperature (Rochow & Eastop, 1966) and stage of development (Orlob &Arny, 1960) of the aphids. Moreover, vector transmission tests are labour intensive, time consuming and require a large amount of glasshouse space.
Since classification by aphid transmission characteristics is usually mirrored by that from serology, a more convenient and reliable means of determining the type of the isolate is by enzyme-linked immunosorbent assay (ELISA). However, luteoviruses are difficult to purify in large quantities and thus antisera are not always readily available. Further, few collections of BYDV-specific antisera have been made to definitively typed isolates.
Because BYDV is an economically important plant virus there is a need for a widely available, rapid, standardized and sensitive assay. Two approaches towards this goal are the isolation of monoclonal antibodies for use in ELISA and the production of nucleic acid probes from cloned viral cDNA. Both could provide type-specific and general probes which could be propagated indefinitely. We have chosen the latter approach and report here that there are regions of the genomes of BYDV RPV serotype and BYDV PAV serotype that have little or no homology with 0000-7016 © 1986 SGM each other and can be used as templates to make type-specific cDNA probes. Also, there are other regions of the genome that cross-hybridize with other luteoviruses and which can therefore be used to generate broad specificity luteovirus probes.
METHODS
Virus isolates. Beet western yellows virus (BWYV) and BYDV isolates were provided by Dr A. J. Gibbs (Australian National University, Canberra) who had obtained them from Drs G. R. Johnstone (Tasmania) and R. Sward (Victoria) respectively. Dr J. E. Thomas (Queensland) provided the potato leafroll virus (PLRV) isolate. The soybean dwarf virus (SDV) isolate (described as subterranean clover red leaf virus-TAS1 by Helms et al., 1983) was from a field sample from New South Wales and the U1 strain of tobacco mosaic virus (TMV) was a gift from Dr K. Helms. To ensure that the virus cultures being studied were not mixtures, we passaged the isolates twice at limiting dilution in the following way. A single vector aphid was allowed a short virus acquisition period of 6 h on a source plant and then transferred each day to a new healthy seedling. The last plant of the series that became infected was used as the source for a further single aphid transfer series. The last infected plant of this second series was used as the source plant from which the 'homogeneous' virus isolate was propagated. This procedure was applied to all the luteoviruses used in this work, BYDV, BWYV, PLRV and SDV. To ensure further that the BWYV isolate was not contaminated with PLRV, it was passaged through Tr~jblium subterraneum (L.) which is not a host of PLRV.
In collaboration with Dr W. F. Rochow we determined, by ELISA, that the BYDV isolate was recognized by both RPV-and PAV-specific antibodies and therefore contained two serotypes. These were separated from each other by the serial aphid transfer procedure described above using Rhopalosiphum padi (L.) monitored by typespecific ELISA. The separated serotypes were re-tested against antisera to all five American serotypes and were confirmed as being an RPV serotype and a PAV serotype. We refer to BYDV RPV serotype and BYDV PAY serotype simply as RPV and PAV.
Purification of virus isolates. All four luteoviruses were purified essentially as described by Waterhouse & Helms (1984) . TMV was purified using the procedure of Whitfeld & Williams (1963) .
BYDV was propagated in Arena sativa (L.) cv. Cooba. BWYV, SDV, PLRV and TMV were propagated in Capsella bursa-pastoris (L.) Medik., Pisum sativum (L.) cv. Puget, Physalis floridana (Rybd.), and Nicotiana tabacum cv. White Burley, respectively.
Preparation orb YD V cDNA clones. RNA was extracted from virus particles purified from plants infected with both RPV and PAV as described by Murant et al. (1985) . This RNA had a mol. wt. of about 2 x 106 as judged by methyl mercury agarose gel electrophoresis (Maniatis et al., 1982) using TMV RNA and Escherichia coli ribosomal RNAs as size markers. RNA was primed for synthesis ofcDNA either by random priming or by polyadenylation of the RNA followed by oligo(dT) priming. One gg of viral RNA was primed randomly by boiling with 1 gg of sheared, denatured calf thymus DNA in 6 gl 5 mM-Tris-HC1, 0.5 mM-EDTA, pH 7.5, for 1-5 rain and then snapcooled in ice-water slurry. The RNA was polyadenylated using poly(A) polymerase (BRESA, Adelaide, South Australia) according to the manufacturer's protocol. First and second strand cDNAs were then prepared using the New England Nuclear reverse transcriptase system (NEK.021). The double-stranded DNA was C-tailed using T4 terminal deoxynucleotidyl transferase (Bethesda Research Laboratories) according to the manufacturer's conditions and inserted into a plasmid, pUC8, that had been G-tailed at the PstI restriction endonuclease site. The plasmid was then used to transform E. coli strain J M83 and colonies containing cDNA inserts were identified by screening on X-gal substrate (Vieira & Messing, 1982) . Colony and blot hybridizations (essentially as described by Gerlach et al., 1982) using 32p-labelled BYDV RNA fragments confirmed that the inserts were of viral origin. These probes were prepared using T4 polynucleotide kinase after partial hydrolysis of BYDV RNA (10 rain at 85 °C in 50 mM-Tris HCI pH 9.5).
Recombinant DNAs. Plasmids were recovered from bacteria by detergent lysis and purified by isopycnic centrifugation in CsCI solution of density 1.55 g/ml containing 0.8 mg/ml ethidium bromide (Maniatis et al., 1982) . The collected plasmid was extracted with isopropanol saturated with TE buffer (10 mM-Tris-HC1, 1 mM-EDTA, pH 8-0) and dialysed against TE. Restriction enzyme digestions were as described by the suppliers (Bethesda Research Laboratories; Boehringer Mannheim; New England Biolabs). A nick translation kit (BRESA) was used to prepare 3-'P-labelled plasmid probes (Rigby et al., 1977) with a specific activity of 107 to 2 × l0 T c.p.m./gg. Agarose gel electrophoresis in 40 mM-Tris acetate, 2 mM-EDTA, pH 8.0, and transfer blots to nitrocellulose (Schleicher & SchfiU BA85) were essentially as described by Maniatis et al. (1982) . For dot blot hybridizations samples were applied to nitrocellulose, which had been soaked with 2 x SSC (SSC is 150 mMNaC1, 15 mM-trisodium citrate), using a perspex template under vacuum. Before hybridization, 5 to 10 ml 50~ formamide, 5 x SSC, 5 x Denhardt's reagent, 0.1 ~ SDS, 0.1 mg/ml denatured calf thymus DNA, 20 raM-sodium phosphate buffer, pH 6.5, was sealed with the filter in a plastic bag which was shaken at 42 °C for a minimum of 1.5 h. The solution was then replaced with fresh hybridization solution mixed with denatured (100 °C, 2 min) nicktranslated probe. Unless otherwise stated, each hybridization solution contained 106 c.p.m, probe (sp. act. approx.
Preparation of extracts Jrom plants.
Whole leaves were squeezed between the two stainless steel rollers of a commercial sap extractor (Erich Pollahne, F.R.G.) and the sap extract was collected in 1.5 ml tubes. In most cases the extracts were clarified by mixing them with an equal volume of chloroform, spinning the mixture in an Eppendorf microfuge for 1 rain at 8000g and then recovering the aqueous phase. Clarified samples were either serially diluted with 60 mM-phosphate buffer pH 7.2, for the dot blot assay or diluted in phosphate-buffered saline containing polyvinylpyrrolidone and Tween 20 (Clark & Adams, 1977) for ELISA. Although 60 ~tl samples were used in the dot blot and 200 ~tl samples were used in ELISA, corresponding samples contained the same volume of original extract.
Antiserum and serological methods. Antisera against the PAV and RPV isolates of BYDV were kindly provided by Dr W. F. Rochow and had titres by gel diffusion of 1:2048 and 1:4096 respectively. Preparation of the 7-globulin, conjugation to alkaline phosphatase and the general procedure of ELISA were essentially as described by Clark & Adams (1977) except that the globulin was not treated with DE22 cellulose. Wells were coated with 7-globulins at 1 ~tg/ml and the enzyme conjugates were used at a dilution of 1 : 1000. The tests were done in flatbottomed 'Microelisa' plates (Dynatech) and the colour reactions were measured in a Titertek Multiskan MC eight-channel photometer (Flow Laboratories).
RESULTS

Production and analysis of eDNA clones
From cDNA made by random and oligo(dT) priming methods we isolated approximately 200 and 100 plasmids, respectively, which contained DNA sequences homologous to BYDV genomic RNA. The majority of the DNA inserts were between 500 and 1500 bp long. The chimaeric plasmid-containing bacteria were tested by colony hybridization using 32p-endlabelled RPV and PAV RNA. Many of the clones, including those designated pBY63 and pBY25, hybridized with both of the probes. Others hybridized only with RNA from one serotype; pBY412 hybridized only with RPV RNA and pBY82 hybridized only with PAV RNA. These four clones were selected for further study.
Plasmids pBY25, pBY63, pBY82 and pBY412 contained inserts of approx. 550, 900, 300 and 300 bp, respectively, as judged by agarose gel electrophoresis. Southern blot analysis of PstIdigested plasmids (Fig. 1) showed that whereas only the homologous inserts were detected using probes from pBY412 and pBY82, the probe from pBY63 hybridized strongly with the pBY25 insert as well as with its homologous insert, and the probe from pBY25 hybridized strongly with the pBY63 insert as well as its homologue. Neither probe, however, hybridized with the inserts from pBY82 or pBY412. The band in Fig. 1 of pBY63 hybridizing with its homologue is less intense than expected, possibly due to a poor transfer of that region of the gel. DNA sequence analysis (data not shown) indicated that the inserts of pBY25 and pBY63 overlap by 375 bp.
Specificity of probes from different regions of B YD V genomes
All four clones were nick-translated and used to probe nitrocellulose filters onto which purified PAV particles, purified RPV particles or a mixture of RPV and PAV RNA had been blotted. All the probes gave a strong signal on the dots of mixed RNA (Fig. 2) . The pBY25 and pBY63 probes gave strong signals with the purified RPV and even stronger signals with purified PAV. This and the results of other experiments (data not shown) indicate that they probably contain PAV-derived sequences but from a region conserved between both serotypes. The probe from pBY82 gave a strong signal with PAV but no signal with RPV. Conversely, the probe from pBY412 hybridized strongly with RPV but not with PAV. None of the probes gave any signal with nucleic acid extracts from virus-free oats. In Fig. 2 , 10 ng of BYDV RNA gave stronger signals than 100 ng of purified virus (containing about 28 ng of RNA). This suggests that the viral RNA applied as nucleoprotein is less available for hybridization than when applied as free RNA.
The hybridization of these different probes to other virus genomes was investigated. Four sheets of nitrocellulose were dotted with purified particles of BWYV, SDV, P L R V and TMV. They were also dotted with a mixture of PAV and RPV R N A and t R N A from E. coli. The sheets were then incubated separately with the different probes (Fig. 3) . The pBY63 probe produced signals with all the luteoviruses and the pBY25 probe gave a similar result but with a weaker signal with PLRV. pBY82 hybridized with PLRV and SDV, but very weakly with BWYV. In contrast, the probe from pBY412 hybridized weakly with SDV and BWYV and not detectably with PLRV. None of the probes gave any signal with TMV or E. colitRNA. The strength of the signal with the RPV and PAV R N A mixture shown in Fig. 3 should not be compared with signals seen for the heterologous virus particles since nucleoprotein seems to inhibit hybridization, as observed in Fig. 2 and pBY412 (4 h exposure). Each strip had a dot of 100 ng of each of the virus particle preparations and 30 ng of RNA.
1277 control and the important point is that there were signals against luteoviruses other than BYDV and not with TMV.
Comparison of dot blot hybridization and ELISA for detection of B YDV in sap extracts
Sap was extracted from a healthy oat plant and oat plants infected with either PAV or RPV. The extracts were clarified with chloroform and a doubling dilution series was made from each extract in 60 mM S6rensen's phosphate buffer. Each dilution was then divided into two aliquots and treated appropriately for the intended assay. The PAV-infected sap was probed with pBY82 and gave a dilution endpoint of between 1 : 512 and 1 : 1024 (Fig. 4) ; the endpoint by ELISA was between 1:128 and 1:256. The RPV-infected sap was probed with pBY412 and the dilution endpoint was between 1:128 and 1:512. The same dilution endpoint was obtained by ELISA (data not shown).
A dilution series of purified RPV particles from 1 lag to 1 pg in tenfold dilution steps was assayed by ELISA and by dot blot hybridization using pBY412, pBY25 or a mixture of the two (Fig. 4) . The dilution endpoints by ELISA and by dot blotting were between 1 ng and 100 pg of virus except for blotting with the pBY25 probe which gave a dilution endpoint between 10 ng and 1 ng.
Effect of sap on the sensitivity of dot blot assay
A dilution series was made from chloroform-treated and untreated healthy oat extracts. Each dilution was divided into two aliquots and 10 ng of purified PAV was added to one of each pair. Nitrocellulose was dotted with these 8 lal samples and with 10 ng of purified PAV in phosphate buffer and then hybridized with probe from pBY25. The results (Fig. 5) show that the presence of sap in the sample reduced the signal produced against the virus, that clarification of the sap with chloroform removed much of the components responsible for the signal reduction, and that a dilution of the sap extract so that it comprised only 20% of the sample did not appreciably reduce the signal inhibition.
Since treatment with chloroform reduces the viscosity of sap extracts it was possible to load more sample onto the same area of nitrocellulose using a plastic 'Dot-Blot' apparatus without the clogging which occurs with unclarified sap. Using this method of application, up to 120 ~tl of extract could be added to 7 mm 2 of nitrocellulose and the signal from these virus-containing extracts was readily detected on autoradiographs exposed for only 6 h (Fig. 6) . 
DISCUSSION
Nucleic acid probes have been employed in the detection of animal viruses for a number of years and more recently for the detection of some plant viruses and viroids (Owens & Diener, 1981 ; Maule et al., 1983; Baulcombe et al., 1984; Barker et al., 1985) . Unlike most plant viruses, BYDV is restricted to the phloem tissues and consequently is in low concentration in sap extracts. Even so, the results presented in this paper show that nucleic acid probes are suitable for detecting infection by BYDV.
Cloned genome fragments from two serotypes of BYDV were used as hybridization probes to detect BYDV infections. Using the methods described here, virus was detected in oat sap extracts diluted 1000-fold, and in a 7 m m 2 spot containing as little as 1 ng of purified virus. This sensitivity is at least as good as that obtained in parallel E L I S A tests. Owens & Diener (1981) and Maule et al. (1983) found that components of crude sap inhibited detection by nucleic acid hybridization of viroid and viral R N A . However, Baulcombe et al. (1984) did not observe this problem under their assay conditions. Our experiments showed that components of oat sap considerably reduced the BYDV-specific signal but that clarifying the extract reduced this inhibition. Furthermore, stronger signals resulted from using clarified extract because it was less viscous and allowed a greater volume of sample to be applied to the same area of nitrocellulose. Indeed, good signals were observed after autoradiographic exposure of only 6 h whereas similar assays using unclarified samples (Maule et al., 1983; Baulcombe et al., 1984) require exposures of 2 to 3 days.
It has already been demonstrated that this type of assay is suitable for screening large numbers of samples of potatoes when indexing for potato virus X (PVX) in breeding programmes (Baulcombe et al., 1984) . We have shown that the assay described here detects BYDV in sap extracts to dilution endpoints similar to those described for PVX (Baulcombe et al., 1984) and our assay should therefore be suitable for large-scale surveys and be of use in breeding programmes. It may be possible to replace the radioactive label with a non-radioactive marker such as biotin (see Chan et al., 1985) . This would allow the use of nucleic acid probes in laboratories which do not have facilities for handling radioactive isotopes.
RPV is serologically related to BWYV, SDV and PLRV Roberts et al., 1980; Ashby & Kyriakou, 1982) . Also, PAV and BWYV have some detectable relationship . However, all of these serological relationships are distant and it appears that RPV and PAV are serologically distinct (Rochow & Duffus, 1982) . These differences allow ELISA to distinguish between these viruses but may preclude a single broad spectrum ELISA for luteovirus screening. However, there is at least one region in the PAV genome that cross-hybridizes with RPV, BWYV, PLRV and SDV. Complementary sequences to this region may be useful as group-specific probes for use in surveys, taxonomic studies or quarantine since they should detect any of these viruses and perhaps all luteoviruses including those yet to be characterized.
Some regions of the RPV and PAV genomes appear to lack any homology. Probes from these regions, as represented in clones pBY82 and pBY412, were as effective as ELISA at discriminating between the two virus serotypes. These probes also showed some hybridization with SDV, BWYV and PLRV. However, selected sequences within these regions may give completely specific probes. Likewise, it may also be possible to improve the general probes once the complete RPV and PAV genome sequences are known. This work is currently underway.
It is of interest that although pBY412 hybridized with RPV but not with PAV and pBY82 showed the reverse behaviour, they both showed some cross-hybridization with the three other luteoviruses tested. This closely resembles the behaviour of these viruses in serological tests, and it further supports the idea that RPV and PAV should be regarded as two separate luteoviruses and not different isolates, strains or serotypes of the same virus (Waterhouse, 1981) . Alternatively, the fact that we found regions of homology in the genomes of different luteoviruses suggests that the whole group could be regarded as a series of strains or serotypes of one virus. Indeed, it is possible that the luteovirus group members have very similar genomes and their classification as different viruses reflects only the variation in coat protein. The coat protein has been shown to be responsible for the vector specificity of a number of luteoviruses (Rochow, 1970b; Waterhouse & Murant, 1983 ) and the feeding preferences of an aphid species largely governs the host range of the transmitted luteovirus. Thus, serology, vector specificity and host range, the characteristics presently used to differentiate luteoviruses, all could depend on the coat protein gene.
